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Introduction
Radiofrequency ablation (RFA) is an established curative, non-surgical method for treating small hepatocellular carcinoma (HCC) 1 , and ultrasound (US) is the most widely used imaging modality for RFA procedures because of its convenience and simplicity. During US-guided RFA, a high echoic area due to RFA-induced microbubbles emerges and then enables calculation of the ablation extent. 2, 3 However, the high echoic area also decreases visualization of target tumors, making it difficult to assess whether the area completely covers the tumor. A method that can overcome this issue would increase the efficiency of RFA and thus decrease the number of treatments required and prevent further distress to patients due to re-treatment.
Recent advances in imaging technologies have enabled image fusion among stored computed tomography (CT), magnetic resonance imaging (MRI), US images and real-time US images on the same US monitor, called real-time image fusion (RTIF). 4, 5 Numerous studies on RFA for HCC have shown that RTIF can help target tumors that are inconspicuous on US but detectable on CT and/or MRI. These studies reported that tumor targeting was successful (53-100%) for detecting several inconspicuous tumor cases. [6] [7] [8] [9] [10] [11] [12] In this study, we hypothesized that tumor marking with an image fusion system (IFS) may be useful for assessing the positional relationship between target tumors and high echoic areas during RFA and could thereby more precisely estimate the effects of RFA on HCC. The primary aim of this study was to compare complete ablation rates in the first RFA session between patients receiving RFA with or without use of this method. The secondary aim was to compare the number of RF electrode insertions, number of RFA sessions, and local recurrence rates among patients.
Patients and methods

Patients
We performed a historically controlled study by prospectively enrolling patients with a single HCC who received RFA with the IFS between April 2012 and May 2016. HCC patients who received RFA without the method between October 2011 and March 2012 served as controls. We diagnosed HCC based on the results of contrast enhanced US (CEUS), dynamic CT, and dynamic MRI in combination with serum tumor markers. 13 For CEUS, we used perfluorobutane (Sonazoid; GE Healthcare, Amersham Place, UK) as an US contrast agent. 14, 15 We selected RFA as a curative treatment for HCC according to the Clinical Practice Guidelines for Hepatocellular Carcinoma (the J-HCC guidelines), which were the first evidence-based clinical practice guidelines for the treatment of HCC in Japan. 16 This study protocol was approved by the Ethical Committee of Kanazawa Medical University (approval number 236). We obtained informed consent from all patients and performed all procedures according to the guidelines of the Helsinki Declaration.
RFA procedure
Three experienced operators (N.T., Y.M., and N.H.) performed RFA using a cooled-tip RFA system (Covidien, Mansfield, MA, USA) in which a 480-kHz monopolar RF generator was connected to a 17-gauge, internally cooled-tip electrode with a 2-or 3-cm tip. After administration of a sedative agent, an operator percutaneously inserted the electrode into the target tumor under US guidance using an US machine (HI VISION Preirus, Hitachi Ltd., Tokyo, Japan) and a 3.5-MHz microconvex probe (EUP-B512, Hitachi Ltd.). In the event an inconspicuous tumor was identified upon US, we performed RFA under CEUS guidance. 17 After the operator appropriately placed the RF electrode, assistants slowly increased the generator output to 80-120 watts and maintained this output for up to 12 minutes. If the tumor was located under the diaphragm (segment VII or VIII according to the Couinaud classification) or near the liver surface, we performed RFA using artificial ascites and/or pleural effusion to facilitate US guidance and avoid damaging the diaphragm or the parietal peritoneum. 18 We performed RFA following transcatheter arterial chemoembolization for tumors approximately 25-mm or more in size.
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Estimation of the RFA effects with the IFS
To estimate the effects of RFA more precisely, we used Real-time Virtual Sonography TM (Hitachi Ltd.), which is an RTIF system consisting of an US machine (HI VISION Preirus, Hitachi Ltd.), a 3.5-MHz microconvex probe (EUP-B512, Hitachi Ltd.) equipped with a magnetic sensor, a transmitter to generate a magnetic field, and a magnetic position detection unit. 5 To create reference images for RTIF, we obtained and stored CEUS and dynamic CT and/or MRI images acquired prior to treatment as three-dimensional volume data in the US machine. We selected an image series that clearly depicted the target tumor and landmark structures of the hepatic parenchyma, such as intrahepatic vessels. To obtain the CEUS volume data, we performed a sweep scan with the 3.5-MHz microconvex probe after injecting Sonazoid TM (GE Healthcare) to ensure the scan covered both the target tumor and the surrounding hepatic parenchyma and then stored the scanned data. 15 During RFA, a high echoic area due to RFAinduced microbubbles emerged around the position of the RF electrode tip and decreased visualization of the target tumor. Moreover, an acoustic shadow occurred behind the high echoic area, which obscured the posterior boundary line between the area and the hepatic parenchyma; however, approximately 5 minutes after RFA, this acoustic shadow had almost disappeared.
Immediately after RFA, operators retrieved the stored volume data and created reference images or planar images showing the target tumor and the surrounding hepatic parenchyma prior to treatment. We selected the data set that most clearly depicted the target tumor and landmark structures of the hepatic parenchyma. Using Real-time Virtual Sonography TM (Hitachi Ltd.), operators performed an image fusion between the reference images and real-time US images as follows: As the first step of image fusion, operators matched the tip of the xiphoid process on reference images to the structure on real-time US images and coregistered the reference images and the real-time US images in the sagittal plane of the left hepatic lobe. Next, while scanning on or around the insertion site, operators repeated the coregistration until they achieved correct image fusion. During coregistration, operators asked patients to hold their breath. The US machine had a marking function that automatically displayed synchronized straight and spherical markers on reference images and real-time US images, respectively. Operators drew straight markers along intrahepatic vessels and ensured correct image fusion. They also drew a spherical marker along the target tumor contour on the reference images to show its maximum diameter. The size of the spherical marker was designed to change inversely with the distance between the center of the marker and the scanning section. Thus, the synchronized spherical marker was drawn on real-time US images in all directions, indicating the exact position of the tumor contour that had been poorly visualized immediately after RFA (Figure 1 ). After performing image fusion and tumor marking, operators scanned the ablation area and assessed the positional relationship between the high echoic area and the spherical marker. Once the high echoic area surrounded the spherical marker in all directions with a margin of several millimeters, we considered the ablation to be complete. If the target tumor was located adjacent to vessels or near the liver surface, a partially insufficient margin at the sites was acceptable. If the ablation was deemed incomplete, operators performed additional RF electrode insertions.
Assessment of the RFA effects
We performed dynamic CT or MRI scans 1 or 2 days after RFA. Experienced radiologists blinded to whether the patients received RFA with or without the IFS assessed the RFA effects by viewing images acquired pre-treatment and post-treatment side by side. The complete ablation criteria included that an RFA-induced avascular area surrounded the original target tumor with a margin of several millimeters. 20 When tumors were located adjacent to vessels or near the liver surface, partially insufficient margins at the sites were acceptable. After the radiologists assessed the RFA effects, we evaluated the assessment results. If difficulty was encountered when assessing treatment completeness, we discussed the treatment effects with the radiologists. If the effects did not meet the above criteria, we performed an additional RFA.
Surveillance after RFA
After completing RFA, patients were subjected to imaging and laboratory examinations every 3-6 months. When recurrent HCCs were detected, the patients received appropriate treatment according to the J-HCC guidelines. 16 HCCs detected adjacent to ablated tumors were considered local recurrence tumors.
Statistical analysis
Data are expressed as the mean ± standard deviation. We used Student's t-test and the Fisher's exact probability test to compare continuous variables and categorical variables, respectively. We used the Kaplan-Meier method to calculate local recurrence rates and performed log-rank tests to evaluate the rate differences. We considered a P-value < 0.05 as significant. We performed statistical analysis using Reference image Real-time US image 
Results
We enrolled 25 patients who received RFA in combination with the IFS, and 20 patients who received conventional RFA as controls. The baseline characteristics were similar between the two patient groups (Table 1) . We were able to use the image fusion method for all 25 patients, and retrieving the stored data, performing image fusion and tumor marking, and estimating the effects of RFA took approximately 10 minutes. The complete ablation rate during the first RFA session was significantly higher in the IFS group than in the control group (88% [22/25] vs. 60% [12/20] , P = 0.041). Incomplete ablation during the first RFA session in the IFS group was due to an insufficient margin (n = 3), while incomplete ablation during the first RFA session in the control group was due to an unablated residual tumor (n = 4) and an insufficient margin (n = 4). The number of RFA sessions was significantly smaller in the IFS group than in the control group (1.1 ± 0.3 [1, n = 22; 2, n = 3] vs. 1.5 ± 0.7 [1, n = 12; 2, n = 6; 3, n = 2], P = 0.016), and the total number of RF electrode insertions was not significantly different between the two groups (2.0 ± 0.9 [1, n = 9; 2, n = 9; 3, n = 6; 4, n = 1] vs. 2.3 ± 1.5 [1, n = 7; 2, n = 5; 3, n = 6; 4, n = 1; 7, n = 1], P = 0.18). There were no severe RFA-related complications in any of the patients. In this study, we presented two HCC cases in which we performed RFA using this method (Figures 2 and 3) . In case 2, we considered the ablation incomplete after the first RF electrode insertion during the first RFA session. Owing to the positional information gained from the image fusion method, we could easily identify portions of the tumor requiring additional RF electrode in- IFS = image fusion system; L = lateral segment; M = medial segment; A = anterior segment; P = posterior segment; CEUS = contrast enhanced ultrasound; RFA = radiofrequency ablation; TACE = transcatheter arterial chemoembolization. a Data are expressed as the mean ± standard deviation. * Student's t-tests and Fisher's exact probability tests were used for continuous variables and categorical variables, respectively. 
Discussion
The present study demonstrated that using an IFS permits precise estimation of the effects of RFA on HCC and thus aids in deciding whether to perform additional RF electrode insertions in an RFA session and identifying tumor portions requiring additional RF electrode insertions. In most cases, use of our method resulted in complete ablation in a single RFA session. Minimizing the number of treatment sessions would reduce patient distress, the risk of treatment complications and treatment costs. In an earlier study, Hiraoka et al. succeeded in precisely estimating the effects of RFA on HCC via an RTIF method using a workstation. 21 In accordance with the results of our study, Hiraoka et al. demonstrated that RFA using their method decreased the number of treatment sessions required. Because of recent advances in imaging modalities, clinicians can now perform RTIF on a single US machine without a workstation, which may facilitate routine use of this IFS in RFA of HCC.
Our IFS is advantageous for performing RFA for HCC. A major limitation of RFA is poor conspicuity on US. Isoechoic tumors, small tumors, and surrounding coarse, nodular liver parenchyma are reported causes of poor conspicuity. 5 Conventional RTIF has overcome this issue, leading to successful RFA for tumors undetectable via US. [6] [7] [8] [9] [10] [11] [12] High echoic areas due to RFA-induced microbubbles are another cause of poor target tumor conspicuity, which makes precise estimation of therapeutic effects difficult. Using a marking function in our IFS provides a solution to poor conspicuity during RFA, as this technology allows operators to recognize the exact position of poorly visualized target tumors in high echoic areas, thus leading to precise estimation of the effects of RFA.
We previously reported the utility of the IFS in assessing the effects of RFA on HCC. 15 In a previous study, we discussed the possibility of reducing the number of dynamic CT scans when assessing the effects of RFA, and several studies have presented similar results to this effect. 22 The results of past and present studies regarding this method will enable US to be used more frequently for diagnosing HCC, performing RFA, and assessing RFA effects, especially when US volume data can be the reference image source for image fusion. In a recent study, Minami et al. reported that an image fusion method using US reference images could allow precise estimation of the effects of RFA on liver metastases. 23 Hence, the IFS may potentially increase the efficiency of using RFA for HCC.
Our method does, however, have several limitations. First, we used spherical markers so that the markers indicated the exact positions of tumor contours that are poorly visualized on real-time US images immediately after RFA. However, tumor contours are not perfectly spherical, and discrepancy between the markers and actual tumor contours may occasionally make estimating ablation margins difficult. Indeed, there were three cases of incomplete ablation after the first RFA session in the IFS group. Second, correct image fusion may be difficult for patients who cannot hold their breath for a certain amount of time (approximately 10 seconds). Third, patients with pacemakers are not eligible for RFA with RTIF because this method uses a magnetic field. Fourth, only high-end US machines currently incorporate RTIF systems, and additional time would be required for such systems to be readily available in clinical practice.
In conclusion, our study suggested that the present method could enhance the efficiency of RFA for HCC and minimize patient burden. Further studies with a larger number of patients would confirm the benefits of RFA with the IFS for the treatment of HCC.
